Abstract: Hollow core fibers were introduced many years ago but are now starting to be used regularly in more demanding applications. While first experiments mainly focused on the characterization and analysis of the fibers themselves, they are now implemented as a tool in the laser beam delivery. Owing to their different designs and implementations, different tasks can be achieved, such as flexible beam delivery, wide spectral broadening up to supercontinuum generation or intense gas-laser interaction over long distances. To achieve a constant result in these applications under varying conditions, many parameters of these fibers have to be controlled precisely during fabrication and implementation. A wide variety of hollow core fiber designs have been analyzed and implemented into a high-power industrial beam delivery and their performance has been measured.
Introduction
Laser sources with ultrashort pulses have taken a rapid development and broader industrial use over the past couple of years. Of particular interest are material processing technologies, which enable manufacturing of highly precise structures and delicate materials [1] . Thanks to the short light-matter interaction of ultrafast laser pulses, thermal damage of material substrates can be greatly reduced and also new interactions, such as filamentation, can be used.
While the development of laser sources and material processing technologies have steadily evolved (both in terms of available optical parameters as well as industrial performance), system technology has often been identified to be the limiting factor in today's industrial application. This includes beam transport and beam steering and shaping.
The usage of continuous-wave high-power lasers in the industry has made a huge leap forward by incorporating flexible fiber-based beam delivery. There are many advantages of using a fiber beam transport, compared to free space, especially in an industrial environment. The most obvious advantage is the flexible use of the laser at different positions while maintaining the beam properties. While gantry units can be realized with stabilized free-space setups, the option for different angles and flexibility with a fiber are far greater, especially in robot arm applications. These advantages are made accessible for the use of high-power ultrafast lasers by the introduction of hollow core fiber. Their laser beams cannot be transported with traditional step-index fibers as their peak intensity lies above the damage threshold of silica and would therefore destroy the fiber itself. Thanks to the air-or gas-filled core in a hollow core fiber, it is possible to efficiently guide short laser pulses with little dispersion and high peak power over relevant distances.
The first microstructured hollow core fibers were reported by Cregan et al. in 1999 [2] . To contain the laser energy inside a hollow core, distinctly different physical phenomena, compared to those of step-index fibers, have to be applied, since the material surrounding the core has a higher refractive index. The ordered and repetitive structure of a bandgap fiber cladding allows for wavelength areas where the light does not couple into the cladding and therefore remains inside the core. This basic concept, explained in different ways and with varying models, still holds true for any hollow core fiber design.
The integration of hollow core optical fibers into laser light cables has been presented by Photonic Tools in 2015. The ultrafast beam delivery comprises a coupling unit, the laser light cable itself and a modular processing head (see Section 2.3) and can be used for applications ranging from sensing to material processing or nonlinear pulse shaping.
The aim of this work is to summarize the integration of hollow core fiber in an industrial environment and present some representative applications.
Materials and Methods

Types of Fibers
There exists a large variety of hollow core fibers which could in principle be used for transmission of ultrafast laser pulses. However, when considering factors such as required lengths, typical laser application parameters, mechanical tolerances, optical layouts and operation environments, quite a few new boundary conditions play a role in designing the optimal fiber.
A key point, when working with hollow core fibers, concerns the existence of more than one mode inside the core. The amount of dampening of each of these modes determines beam quality at the output when several modes are excited, either during coupling into the fiber or when disturbances influence the transmission. If higher-order modes are highly suppressed, a lower overall transmission can be expected. To transmit higher pulse energies and couple them reliably into a fiber, a larger core is necessary; however, a larger core also allows for less separation between the higher-order modes inside the fiber, leading to possible instability.
To still maintain a high beam quality, special care has to be taken when designing the coupling optics to excite mostly the fundamental mode of the fiber. To contain the light inside the core and reduce coupling into the cladding, core geometries with a negative curvature have been found to be very effective in keeping the high field strength away from the surrounding glass structure [3] . These fibers offer a low loss over a wide wavelength range while still maintaining larger core sizes. There are two main types which are called Kagome fibers, due to the lattice structure, and antiresonant fibers. More well-known are single-ring or revolver fibers which build up the core region by surrounding it with one layer of non-touching rings, or cone-shaped structures (see Figure 1) . In order to determine the spectral properties and dynamic behavior of these fibers, complex studies of their guiding mechanism are required. Many models of varying complexity have been proposed and compared to analytical calculations as well as experiments. Influences on confinement by the wall thickness [4, 5] and by the cladding structure [6] have been investigated, as well as dispersion of these fibers [7] . When taking industrial use into consideration, additional influences on the beam properties, e.g., by bending the fiber, have to be included to achieve an optimized design [8, 9] . Therefore, by tuning fiber structure paramters, like core size, web thickness and structure elements, the fibers can be tailored for specific purposes and applications such as spectral broadening up to supercontinuum generation [10] or intense gas-laser interaction over long distances [11] .
Limitations of the Technology
With increasing beam power, one has to look at the limits a hollow core beam transport possesses, determined by the physics involved. These include the maximum energy of lasers pulses and the shortest possible pulse length.
The maximum energy transmission in a hollow core fiber is still limited by the destruction of the silica [12] . The silica structure is not in the center of the beam where the energy density is highest, but rather in the outer areas. It is important to note that while the fundamental mode of the fiber has only very little overlap with the structure, the critical point is coupling into the fiber. The fundamental free-space mode has to excite the fundamental fiber mode, and the matched free-space Gaussian mode has a slightly higher overlap with the unmodified fiber structure than the fundamental fiber mode. A small portion of light will overlap directly with the glass struts of the fiber and interact with it. Using this assumption, one can determine a peak power dependent on the core size and the matched beam that is coupled into it (see Figure 2) . In real-life applications, a reduced coupling accuracy and slight movement of the beam have to be taken into account. The coupling efficiency can be calculated theoretically by calculating the overlap of coupled free-space mode and the fiber eigenmodes. Variations can also be introduced and the results can be compared to experimental results using low-power beams (see Figure 3) . Typically, high-power pulses travelling along the fiber will often have enough energy to interact with the gas inside the hollow core, which will alter the pulse characteristiocs [13] [14] [15] . In order to reduce these effects, the fiber material can be filled with other gases or kept at a vacuum to significantly reduce any gas interaction. However, the fiber itself will still have a small waveguide dispersion, which will lead to pulse broadening and chirping. Therefore, if very short pulses below 100 fs are demanded, the dispersive interaction inside the fiber has to be taken into account and can be precompensated in the compressor of the coupled laser.
Fibers for infrared (IR) light delivery have been produced for a few years, but transmission at shorter wavelengths in the visible or even in the ultraviolet (UV) regime is of high interest. Theoretically, the fundamental guiding mechanism of hollow core fibers allows for structures which transmit in these wavelength range; however, the real-life loss due to scattering is also growing with smaller wavelengths. Due to this, the production tolerances are a key factor when designing fibers in the visible and UV spectral region and currently do not allow for fiber material which can match the attenuation and stability of IR at smaller wavelengths. In general, achieving low-loss and nearly undisturbed beam propagation requires a fiber structure which is optimized for the desired transmission window as well as the production routine.
Fiber Integration
Bringing the hollow core fiber technology to the industry has been a challenging process. Typically, laboratory experiments hold a fiber freely in a tabletop setup with microadjusters for low power, or in a gas cell for tailored nonlinear processes. In both cases, the fiber is prepared for the investigation which is planned. This, of course, differs vastly from using a fiber as a tool, where it has to perform, mostly without preparation, in a more demanding environment.
A special connector, which houses the fiber tip in a sealed environment, has been designed (see Figure 4 ). The fiber is protected from environmental influences but can also be filled with gas or evacuated. Differential pumping schemes are also possible by applying different pressures at each side of the laser light cable. Standard safety features, such as a fiber continuity monitoring, are also included, as well as the possibility for active cooling of the connector when used with very high power. The conduit is designed with continuous use in demanding application in mind and can protect the fiber even after years of continuous bending. The fiber itself is prealigned to very few micron precision and can be exchanged in few minutes by the use of a flange connector which is easy to adapt. Together with the laser light cable, a modular system, composed of components specially designed for ultrafast laser beam delivery and applications, has also been introduced (see Figure 5 ) [16] . These components include a coupling unit, which can accept a wide range of laser beams and adapt them to be optimally coupled into the fiber. The unit uses a flexible modular design and can also be integrated into a laser head. On the output side, different beam shaping tools are available, ranging from collimation units, which prepare a requested beam size, to complex processing heads with diagnostics, observation and variable beam shaping. Whilst the ultrafast laser beam can also be delivered to the workpiece by free-space beam delivery components, transporting the laser beam by fiber offers several advantages for the laser user.
Integrating the laser source into the application system or machine will be much simpler, because the flexible beam delivery enables the laser source to be installed separately from the optics, which focuses the beam into the workpiece. For example, this allows for a much simpler mechanical structure and lower moved masses by simply routing the laser light cable, instead of a fixed beam path using multiple mirrors.
Additionally, the service of the system is becoming much simpler because of the reduced number of components in the beam path, and the possibility of installing and exchanging a laser light cable with no or only very little beam alignment. The latter is possible since the fiber is positioned very accurately in the laser light cable connector and therefore provides an excellent optomechanical reference for the laser beam.
In summary, this leads to a lower cost of ownership for the complete laser system not only in capital investment but also running cost. The additional positive side effect is an improved production uptime of the complete laser application system, which is mainly driven by less complexity and simplified serviceability.
The combination of optical design tailored specifically for the use in conjunction with hollow core fibers of different designs as well as rigorous characterization has led to a design, which shows remarkable stability under varying conditions and with most laser sources.
Results
Performance
Numerous integrations of the ultrafast beam delivery system over the years, with varying laser pulse characteristics, have been performed. Peak powers of up to a gigawatt and an average power of 200 W have been transmitted with an efficiency between 85% and 93%, depending on the length of the fiber and the beam quality of the laser coupled into it (see Figure 6 for a selection). Higher-modes present in the coupled laser beam are more likely to excite higher-order modes inside the fiber, which reduces transmission and stability. Different fiber designs can influence this behavior in different strengths. An example for a stable result can be seen in Figure 7 , where the residual movement of the center of intensity of the laser beam at the workpiece is shown. It was measured while performing strong bending and twist movement of the laser light cable. As can be seen, the residual movement of the beam, even under strong bending of the laser light cable, only amounts to very few percentages of the focus spot size, which hardly has any impact on the typical laser application. 
Application
Hollow core fibers can transmit ultrafast beams nearly undisturbed. Due to the wide range of pulse paramters possible, different residual influences may affect the transmitted beam slightly. To determine their influence in typical machining applications, many comparative application studies have been conducted. These include sensing, cutting, drilling, ablation and surface structuring and modification.
The key parameters for these applications are the focus intensity and focus shape as well as the pulse shape. All of these can be controlled very precisely when using a hollow core fiber for beam delivery. The output of the fiber is providing a near single-mode beam with minimal fluctuations and fixed positions, which allows for a precise processing.
For this investigation, the fiber beam delivery was integrated in different applications and the results were compared qualitatively with free-space beam paths.
Firstly, cutting results from nitinol stent cutting are shown (see Figure 8 ). The process parameters are shown in Table 1 . The comparison shows very similar results with the two different beam delivery methods. The quality of the cutting edge is of the same quality and the final products could be further processed without any alteration.
Next, results from silicon surface modification are presented (see Figure 9) . A square was scanned with varying process parameters while incorporating a free-space or fiber beam delivery in the beam path to the galvanometer scanner. See Table 2 for the corresponding process parameters. Additionally, the fiber could be used to widen the spectrum of the pulse due to self-phase modulation, controlled by adjusting the pressure inside the fiber. The spectral width of the pulse was measured with a spectrometer. Again, the comparison revealed almost no visible difference between the two beam delivery solutions. The structures, which depended critically on the pulse parameters in size and depth, could be reproduced perfectly with 1 pass over the surface as well as 10 consecutive scans over the same area.
Additionally, a unique feature of the fiber beam delivery was tested and deliberate self-phase modulation could be introduced to the transmitted pulses in varying strengths. Strong increases in ablation depth and structure size were observed when using spectrally broadened pulses (see Figure 10 ). The pulse bandwidth change from 6 nm to 60 nm revealed a nearly doubled ablation rate in the application. 
Conclusions
The use of hollow core fiber for transmission of ultrafast laser pulses in an industrial environment has been shown for a few years in the IR wavelength of YAG laser systems. The completely fiber-based beam delivery system introduced by Photonic Tools already addresses most of the application scenarios, which are actively used. Robot arm applications with hollow core fibers have also been shown. The comparison of free-space beam delivery and fiber-based solutions shows little to no difference in the application results. On the contrary, it can even offer opportunities to increase throughput by using the nonlinear effects inside the hollow core fiber. In a suitable integration, as offered by Photonic Tools, they can be adjusted precisely.
The optimal fiber structure for industrial appplication is still being improved and optimized, so understanding the requirements from applications and characterizing hollow core fibers very rigorously are an essential part of integrating hollow core material into a demanding environment. Recent fiber developments in the green and UV spectral regions show promise for future applications, but cannot reach the same level of performance in high-power applications at the moment.
Taking hollow core fiber out of the scientific environment and tweaking it to perform under diverse conditions is a continuous process, which has made tremendous progress in recent years. Many industrial ultrafast applications can already use the advantages a fiber beam delivery can offer in day-to-day usage with high reliability and unaltered results. 
